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Method
Between 1999 and 2008 all pregnant Norwegian women were eligible for recruitment into the prospective Norwegian Mother and Child Cohort Study. The mothers were asked to report on their use of paracetamol at gestational weeks 17 and 30 and at 6 months postpartum. We used data on 48 631 children whose mothers returned the 3-year follow-up questionnaire by May 2011. Within this sample were 2919 same-sex sibling pairs who were used to adjust for familial and genetic factors. We modelled psychomotor development (communication, fine and gross motor development), externalizing and internalizing behaviour problems, and temperament (emotionality, activity, sociability and shyness) based on prenatal paracetamol exposure using generalized linear regression, adjusting for a number of factors, including febrile illness, infections and co-medication use during pregnancy.
Results
The sibling-control analysis revealed that children exposed to prenatal paracetamol for more than 28 days had poorer gross motor development [b 0.24, 95% confidence interval (CI) 0.12-0.51], communication (b 0.20, 95% CI 0.01-0.39), externalizing behaviour (b 0.28, 95% CI 0.15-0.42), internalizing behaviour (b 0.14, 95% CI 0.01-0.28), and higher activity levels (b 0.24, 95% CI 0.11-0.38). Children exposed prenatally to short-term use of paracetamol (1-27 days) also had poorer gross motor outcomes (b 0.10, 95% CI 0.02-0. 19 ), but the effects were smaller than with long-term use.
Ibuprofen exposure was not associated with neurodevelopmental outcomes.
Introduction
Paracetamol is one of the most commonly used medications during pregnancy. 1 Despite this, studies of potential adverse effects on neurodevelopmental outcomes in children prenatally exposed to paracetamol are lacking. The only previous study addressing longterm cognitive outcomes after exposure to paracetamol suggested no association between the drug and the child's intelligence quotient (IQ) and attention in women receiving neonatal care in [1974] [1975] . 2 No recent neurodevelopmental follow-up of children prenatally exposed to paracetamol has been performed.
Previous studies focusing on risk of miscarriage, low birthweight or prematurity after paracetamol exposure typically show no association, but the studies often included a small number of exposed women resulting in low power to detect effects. One large cohort study reported associations between paracetamol exposure and preterm birth in women with preeclampsia. 3 In addition, childhood asthma has repeatedly been reported to be associated with prenatal paracetamol exposure. [4] [5] [6] A recent study reported increased risk of cryptorchidism after long-term use (more than 4 weeks) of paracetamol during pregnancy. 7 These reported risks of adverse outcomes after paracetamol exposure have raised concern about the safety of paracetamol use during pregnancy and enhanced the need to explore a broader range of outcomes to detect potential domains of child development that might be affected.
The causes of these risks have been the subject of much controversy-is the medication to blame or could the adverse outcomes be attributed to factors relating to the women taking paracetamol during pregnancy? Separating the effect of paracetamol from the factors leading to the need for paracetamol use during pregnancy is difficult. Paracetamol use during pregnancy might be associated with several familial or genetic factors such as IQ, socioeconomic status and neurodevelopmental problems. When unobserved and uncontrolled, these factors can lead to either an overestimation of adverse outcomes or an underestimation of adverse outcomes. For example, paracetamol intake during pregnancy is negatively associated with the personality trait of conscientiousness. 8 Conscientiousness is, with a heritability of 40-50%, 9 familial and associated with externalizing behaviour problems already at 3 years of age. 10 Thus, an effect observed after paracetamol exposure on externalizing behaviour problems in the child could be explained by genetic confounding. We attempted to address the problem of comparability by keeping the maternal factors as constant as possible by comparing the difference in developmental outcomes between siblings that were discordant on paracetamol exposure during pregnancy with the difference between siblings who were concordant on exposure. This sibling-control design is particularly suitable to separate the effect of familial and genetic confounding from the effect of the medication because siblings share familial environment and 50% of their genetic predisposition, but may differ on medication exposure during pregnancy. When comparing the sibling-controlled results with the results from the cohort in general, important information on the familial and genetic confounding can be gained. Using the Norwegian Mother and Child Cohort Study, we were able to identify a large number of sibling pairs and prospectively examined potential associations between prenatal exposure to paracetamol and psychomotor, behavioural and temperament outcomes in children after 3 years of follow-up.
Methods

Study population and data collection
This study is a subproject of the Norwegian Mother and Child Cohort Study (MoBa) conducted by the Norwegian Institute of Public Health. MoBa is a prospective pregnancy cohort that was previously described in detail. 11 Participants were recruited at the routine ultrasound examination at gestational week 17. During the period of recruitment between 1999 and December 2008, 108 841 pregnant women enrolled in the study, a participation rate of 38.7% of all pregnant women (http://www.fhi.no/moba-en). A total of 15 256 mothers with more than one child participated. Written informed consent was obtained from all participating women. The study was approved by the Regional Committee for Medical Research Ethics and the Norwegian Data Inspectorate.
Data collection during pregnancy involved two questionnaires administered around gestational weeks 17 and 30, which included questions regarding sociodemographic characteristics, maternal health and medication use during the current pregnancy. In addition, the women completed a questionnaire 6 months after the birth, reporting on the remaining weeks of pregnancy after week 30. The cohort was linked to the Medical Birth Registry of Norway (MBRN) 12 by using the women's personal 11-digit identification numbers. The MBRN contains detailed medical information and diagnostics regarding the infant, originating from mandatory notification forms completed by midwives, obstetricians and paediatricians at delivery and during the hospital stay. 12 Up to 3 years of age, follow-up of children included questionnaires periodically sent to mothers for the entire sample. We used the qualityensured Data Version 6 released by MoBa in 2012. A total of 48 631 children born before 2009, for whom the age 3 years questionnaire was returned by the mother by 4 May 2011 and processed for inclusion in Data Version 6, were included in this study. Within this sample were 2919 same-sex sibling pairs. A flow chart of study participants included in the sibling design is presented in Figure 1 . If mothers participated with more than two children only the first two siblings were kept in the study. All questionnaires used in MoBa can be found online at http:// www.fhi.no/moba-en.
Measure of paracetamol use
Information on paracetamol use was available from two prenatal and one postnatal questionnaire. Several indications were specifically named to increase the reporting of paracetamol use (i.e., headache, fever, cold and back pain). For each indication, the woman could specify the following exposure windows: gestational weeks 0 to 4, 5 to 8, 9 to 12, and 13þ (until completion of the first questionnaire), 13 to 16, 17 to 20, 21 to 24, 25 to 28, and 29þ (until completion of the second questionnaire), and 30þ (until birth) in the 6 months postpartum questionnaire, and name the medication taken in an open textbox. When multiple medication use was reported and multiple time periods indicated, we assumed all drugs had been used in all time periods. Finally, the women reported the number of days they had used paracetamol at each time point. We classified and grouped drug exposure according to the Anatomical Therapeutic Chemical (ATC) Classification System developed by the World Health Organization. 13 Paracetamol exposure was defined as exposure to a drug belonging to ATC code N02BE01.
In order to differentiate between short-term and long-term, use we divided the children exposed to paracetamol in utero into two groups based on exposure duration during pregnancy: exposure for 1-27 days and exposure for 28 days or more. We classified the pairs of siblings as concordant when both siblings were equally exposed (both exposed or both unexposed) and discordant on exposure when the siblings differed on exposure.
Measure of ibuprofen
We examined use of ibuprofen during pregnancy as a secondary predictor. If prenatal use of paracetamol exhibits an association with neurodevelopmental outcomes and prenatal use of ibuprofen does not, it would suggest a specific effect of paracetamol less likely to be confounded by indication. Ibuprofen use was reported by the mother in the same manner as described for paracetamol. Ibuprofen exposure was defined as exposure to a medication belonging to ATC code M01AE01.
Measures of neurodevelopmental outcomes
Psychomotor development Psychomotor development was assessed by items from the validated Norwegian version of the Ages and Stages Questionnaire (ASQ). 14, 15 Mothers were asked to find time to observe the child and rate the extent to which the child typically exhibited mastery of different skills using the response categories: yes, Siblings (pairs) 36 months n = 2919 n = 1224 concordant, not exposed n = 756 concordant, both exposed n = 805 discordant, one exposed 1-27 days n = 134 discordant, one exposed ≥28 days Did not answer Q GW 17 n (pairs) = 1006
Heterogeneous sex excluded n (pairs) = 7120
Did not answer Q 18 months n (pairs) = 2481
Did not answer Q 36 months n (pairs) = 1725 Figure 1 Flow chart of study participants in the sibling design. Q, questionnaire; GW, gestational week very often (1); yes, sometimes (2) ; not yet (3); and don't know (missing). Six items rated communication skills. Four items rated fine and gross motor impairment. Mean scores were calculated and standardized.
To explore the reliability of the scales, we applied a 2-parameter item response theory (IRT) analysis. 16 We calculated the average factor loading to be 0.82 for the communication scale, indicating good reliability. Average factor loading for the fine motor items was 0.61, 0.75 for the gross motor items, indicating adequate reliability.
In addition, as a measure of a motor milestone achievement, the age when the child started walking unaided was assessed. Mothers reported the number of months of age at which the child could walk unaided, in the 18-month questionnaire. If the child had not yet started walking unaided at 18 months, we used information from the 36-months questionnaire when the question was repeated. Maternal reports of gross motor milestone attainment have been reported to be highly reliable. 17 Motor development is one of the more objective changes during infancy and is presumably less likely to be misinterpreted than are changes in less overt domains of development.
Behaviour
Externalizing and internalizing behaviours were measured by the Child Behaviour Checklist (CBCL/ 11/2-5/LDS). 18 The selected 20 items represented subscales of the Internalizing domain ('emotionally reactive', 'anxious/depressed' and 'somatic complaints') and subscales of the Externalizing domain ('attention problems' and 'aggressive behaviour'). Mothers reported the extent to which they agreed with the behaviour statements using the following 3-point Likert scale: 1 ¼ not true; 2 ¼ somewhat or sometimes true; 3 ¼ very true or often true. Mean scores were calculated and standardized. Average factor loadings for the behaviour scales indicated adequate reliability for the externalizing and internalizing behaviour scales (0.58 and 0.52, respectively). The subset of items used in the MoBa study was found to be representative, with a correlation of 0.92 with the full scale. 19 
Temperament
Temperament was assessed by the Emotionality, Activity and Shyness Temperament Questionnaire (EAS). 20 The EAS measures the four temperament dimensions: emotionality (irritability/anger), activity (activity level), sociability (positive affect/including approach) and shyness (fear of strangers, social inhibition). Three out of five questions from each temperament dimension were selected for use in MoBa. Five response categories were available, from 'very typical' to 'not at all typical'. Means scores were calculated and standardized. The average factor loading for emotionality was 0.71, for activity 0.68, for sociability 0.58 and for shyness 0.69, indicating adequate reliability.
The short-form versions of the EAS have been shown to be as reliable and precise as the original. 21 Assessment of potential confounders Differences across siblings in maternal risk factors were considered as covariates. Potential confounding factors related to maternal health before and during pregnancy included infections (respiratory, urinary tract/bladder, genital, diarrhoea/gastric flu), fever, back pain and headache or migraine. Concomitant use of nonsteroidal anti-inflammatory drugs (NSAIDs) (M01A and N02BA), triptans (N02CC), opioids (N02A), other analgesics (N02CA and N02CX), benzodiazepines (N05CD, N05BA), antidepressants (N06A), antipsychotics (N05A) and antiepileptic drugs (N03A) was recorded and grouped as co-medication. Mothers also reported on their psychological distress (anxiety and depression) using a validated short version of the Hopkins Symptom Checklist, the SCL-5. 22 A mean score greater than 2.0 on the SCL-5 at week 17 and/or 30 was defined as the presence of depression. 22 In the current sample, the SCL-5 had adequate internal consistencies with reliabilities of 0.80 and 0.83. Other potential confounding factors included maternal age at delivery, years between pregnancies, parity, smoking during pregnancy and alcohol use during pregnancy. The characteristics of potential confounding factors for the sibling pairs were categorized as presented in Table 1 .
When assessing the overall cohort, the children could differ on additional confounders, such as maternal education and chronic diseases (asthma, allergy, rheumatism or hypothyroidism). Maternal and child characteristics for the cohort were categorized as presented in Table 2 .
Statistical analysis
Statistical analyses were performed using SPSS software, version 20.0. Characteristics of the difference in discordance between the sibling pairs according to discordance in exposure to paracetamol (Table 1) were compared by two-sided chi-square tests of independence for categorical variables and analysis by Student's two-sided t-test for means of continuous variables. We estimated the size of familial confounding by calculating the intraclass sibling correlation (i.e. how similar the siblings are) for all outcomes. The intraclass correlation for a given outcome corresponds to the percentage of familial variance in the outcome adjusted for in the sibling analysis.
Maternal characteristics in the cohort of mothers for the group exposed <28 days and the group exposed 528 days were compared with those of the unexposed group using two-sided chi-square tests (Table 2 ). We performed sibling-control analyses by subtracting the absolute value of the developmental outcome score for sibling 1 from the developmental outcome score for sibling 2. Comparing within-pair mean difference is often used in co-twin control studies, and is akin to the dependent sample t-test. 23 We used generalized linear regression models with 95% profile likelihood CIs to determine the relationship between paracetamol exposure for siblings discordant on short-term exposure (<28 days) and siblings discordant on long-term exposure (528 days) on nine different developmental outcomes, adjusting for confounding variables. Variables were included as confounders if they were associated with discordance in paracetamol use and the outcome variable, or if the effect of paracetamol changed by 41% when the variable was included in the model. Normal-based CIs are inaccurate when the sampling distribution of the estimate is not normal. Therefore we used a profile likelihood CI that is asymmetrical and more trustworthy than a standard error-based CI. For independent categorical variables, we computed dummies in which concordant siblings were given the value zero and discordant siblings were given the value one. Thereafter, the absolute difference between sibling 1 and sibling 2 was predicted by the dummies denominating sibling discordance. The beta represented the mean sibling difference in the developmental outcomes in a discordant pair.
The potential effect of sibling order was tested by comparing the effect of paracetamol use in first pregnancy but not second with the effect of use in second pregnancy and not the first. If the CIs were overlapping, suggesting no effect of sibling order, the discordant pairs of siblings were collapsed into one group. Finally, we tested whether any interaction effects existed between time of exposure to paracetamol according to trimester and the outcomes. Due to multiple explorative testing in this step of the analysis, we applied a P-value of 0.01.
As secondary analyses, we calculated the effects of discordant use of ibuprofen on the same developmental outcomes as for paracetamol, to explore the specific effect of paracetamol.
Finally, we performed cohort analyses using the same approach as the sibling analyses: generalized linear regression models with 95% profile likelihood CIs to determine the relationship between paracetamol exposure for <28 days and 528 days on nine different developmental outcomes, adjusting for confounding variables in the entire cohort. Multivariable adjustment was made for potential confounders. As the scores used are the same metric as from the sibling analyses, the betas from the cohort analyses are comparable to the betas from the siblingcontrol analyses. A complete list of covariates included in the final adjusted models is provided in Tables 3 and 4 .
To exemplify relative risks for disorders, we found the percentage of exposed children above a given threshold for disorder under a normal curve with a In the pregnancy where use was reported. The percentage of data imputed in the total sample was: 1.0% on the gross motor scale, 3.5% on the fine motor scale, 3.0% on the communication scale, 4.1% on the externalizing scale, 1.5% on the internalizing scale, 1.2% on the emotionality temperament scale, 0.8% on the activity scale, 1.6% on the sociability scale, 0.7% on the shyness scale and 3.6% on the maternal depression scale. 
Psychomotor problems Motor milestone adjusted for discordance in co-medication, muscle pain, fever and headache/migraine; gross motor adjusted for discordance in muscle pain, alcohol use, and maternal depression, fine motor adjusted for discordance in co-medication, alcohol use, infections, and muscle pain; communication adjusted for discordance in maternal depression; externalizing behaviour adjusted for discordance in maternal depression and fever; internalizing behaviour adjusted for discordance in fever and co-medication; emotionality adjusted for discordance in co-medication; activity adjusted for discordance in maternal depression and headache/ migraine. *Significant effect as shown by the profile-likelihood-based confidence intervals (CIs).
Table 4
Multiple generalized regression models of psychomotor, behavioural and temperament outcomes in 3-year-old children based on in utero paracetamol exposure: exposed vs non-exposed in the total MoBa cohort 
Results
Study population
Out of 48 631 eligible children aged 3 years, 22 418 (46.1%) had been exposed to paracetamol during pregnancy, of whom 1831 (3.8%) had been exposed for 528 days. Among the 2919 pairs of siblings with complete data on paracetamol exposure: 134 (4.6%) were discordant for exposure 528 days; 805 (27.6%) were discordant for 1-27 days of exposure; and 1980 were concordant (1224 were both unexposed, 756 were both exposed). The most common indication reported for more than 28 days of paracetamol use was headache or migraine (63.4%), back pain and pelvic girdle pain were reported in 19.5%, fever in 19.5% and influenza or cold in 12.2%, often in combination. The characteristics of the sibling pairs who were concordant or discordant for paracetamol exposure are presented in Table 1 . The characteristics of mothers and infants exposed to paracetamol and of mothers and infants who were not exposed to the drug are summarized in Table 2 . There was strong evidence of shared familial confounding for the outcomes: the intraclass correlation (i.e. the similarity between the siblings) for the outcomes were 0. 
Long-term prenatal paracetamol exposure
In the sibling-control analysis, prenatal paracetamol exposure for 528 days was associated with poor gross motor functioning, delayed age starting to walk, poor communication skills, externalizing and internalizing behaviour problems and an active temperament. We found no difference between siblings discordant for first pregnancy exposure compared with second pregnancy exposure. The results from the sibling analysis are presented in Table 3 (standardized values). We found no interaction effect between trimester and exposure on any of the outcomes (P40.01). There was a tendency for the interaction term of paracetamol exposure and third trimester to be more highly associated for some of the outcomes. For example, the effect of communication was b 0.25 (95% CI 0.01-0.50), P-value 0.045 for exposure in the third trimester. Similar tendencies were shown for externalizing behaviour problems b 0.21 (95% CI -0.15-0.57), P-value 0.25, and activity b 0.23 (95% CI -0.16-0.62), P-value 0.25. In the cohort analysis, 528 days of paracetamol exposure was associated with poor gross motor functioning, poor communication skills, externalizing behaviour and negative emotionality after adjusting for a number of covariates. The effects from the sibling-control analysis were stronger than those from the cohort analysis. The results from the cohort analysis are presented in Table 4 (standardized values).
Short-term prenatal paracetamol exposure
In the sibling-control analysis, <28 days of prenatal paracetamol exposure was associated with poor gross motor functioning. The results from the sibling analysis are presented in Table 3 (standardized values).
In the cohort analysis, <28 days of prenatal paracetamol exposure was associated with a range of adverse developmental outcomes. However, after adjusting for important covariates, paracetamol exposure was related only to poor gross motor functioning, externalizing behaviour and negative emotionality. The results from the cohort analysis are presented in Table 4 .
Ibuprofen exposure
To assess the specificity of our findings, we analysed the effects of ibuprofen on the same outcomes as for paracetamol in a sibling-control analysis. There were 155 pairs of same-sex siblings discordant on exposure to ibuprofen during pregnancy. The results from the crude regression analyses showed an association between ibuprofen and difference between siblings on motor milestone delay (the age at which they started walking) b 0.17 (95% CI 0.04-0.30), P-value 0.007. Adjusted for difference in paracetamol exposure, other medication exposure and premature birth (<week 37) the association for motor milestone delay was b 0.14 (95% CI -0.03-0. 
Discussion
Despite the extensive use of paracetamol during pregnancy, data on its potential effects on neurodevelopmental outcomes are lacking. In this study, paracetamol use for more than 28 days during pregnancy was associated with adverse outcomes for gross motor and communication development, behaviour and activity at 3 years of age. In contrast we found no association between ibuprofen on the same neurodevelopmental outcomes, which suggests a specific effect of paracetamol less likely to be confounded by indication.
To the best of our knowledge, no previous study has examined the relationship between neonatal paracetamol exposure and psychomotor, behaviour or temperamental outcomes. The only previous study addressing long-term cognitive outcomes after exposure to paracetamol suggested no association between the drug and the child's IQ and attention, in women receiving neonatal care in 1974-75. 2 However, studies focusing on other child outcomes such as prematurity, cryptorchidism and asthma have observed adverse effects of paracetamol exposure. 3 These studies have been limited by comparing exposed children with unexposed children with potential familial confounding. When we compared differences between siblings, strong associations with paracetamol exposure for more than 28 days became apparent, suggesting an underestimation of the effects in the cohort analyses. As given by the significant sibling intraclass correlations, there was strong evidence for familial confounding on all outcomes. We effectively adjusted for 27% (gross motor) to 44% (fine motor) of the variance in the outcomes by using sibling-control. The differences in results from the current study and the previous study could be due to the different outcome instruments used and better statistical power to detect the differences observed in the current study. It could also be a result of the lack of sibling controls in the previous study, in line with our finding that the effect of paracetamol became stronger when comparing siblings than when comparing unrelated children in the cohort analyses. This could suggest that the factors comprising the familial effects had a positive impact on the outcomes, suppressing the estimates in the cohort analyses. An analogy to this would be if we were interested in the association between smoking and depression. Men are more likely to smoke, but less likely to have depression, compared with women. If you do not control for gender, you will observe a smaller association because your exposed group (smokers) have a lower risk of the outcome (depression) for reasons unrelated to smoking.
The mean difference in externalizing behaviour between the exposed and unexposed children in the sibling-control analysis was 0.28, which corresponds to a relative risk (RR) of 1.69 when assuming a 6% prevalence of behavioural problems in the normal population of preschool children. 24 Assuming the same prevalence of psychomotor problems, the observed difference of 0.24 corresponds to a RR of 1.67. With a prevalence of 4% for language disorders, a score of 0.20 corresponds to a RR of 1.51. 25 In clinical terms, these results suggest that exposure to paracetamol for more than 28 days during foetal life increases the risk of adverse psychomotor and behavioural outcomes by almost 70% and doubles the risk of language problems in 3-year-old children. For comparison, the effect of a well-established association between prenatal smoking and externalizing behaviour problems has been reported to be as small as 0.07 in a recent study using sibling design. 26 Thus, the size of the effect of extensive paracetamol use found in this study for developmental outcomes is surprisingly high. However, because clinical assessments with diagnostic tools were not available in this study, we could not determine the clinical importance of the difference observed. Future studies should seek to include clinical diagnoses of neurodevelopmental and behavioural diagnoses, to explore whether there is an increased risk of, for example, attention deficit hyperactivity disorder (ADHD) or language disorders after exposure to long-term paracetamol use during pregnancy. We attempted to explore potential effects of timing of exposure by studying interaction effects of trimester of exposure. We did not identify any effects of timing, but the demonstrated trends of third-trimester effects observed suggest that there might be a stronger effect for third-trimester exposure that we did not have sufficient power to detect in this study. Although the central nervous system develops throughout pregnancy, the third trimester is a time of rapid brain growth and structural differentiation and this time might be especially sensitive to exposures affecting brain development. Although the cohort analysis of paracetamol use for 1-27 days found several effects on gross motor abilities, externalizing behaviour problems, and emotionality, the siblingcontrol analysis found effects on only poor gross motor development (corresponding to a RR of 1.21). This finding suggests that short-term use of paracetamol during pregnancy does not seem as harmful to the neurological development of the foetus. These findings are in line with previous studies, which found stronger effects after long-term exposure: 28 days for cryptorchidism, 7 most days/daily use for asthma 4 and high use in childhood for asthma. 27 The risks of adverse outcomes after paracetamol exposure have been suggested to be mediated through oxidative stress. It has long been known that paracetamol crosses the placenta 28 but the pharmacokinetics of paracetamol in pregnancy are not well understood. In animals, it has been shown that the foetus (to a lesser degree than adults) is capable of generating the toxic metabolite N-acetyl-p-benzoquinone imine (NABQI) that is produced by paracetamol use. 29 In humans it has been suggested that even therapeutic doses of paracetamol may have important effects on oxidant/antioxidant balance. 5 It has also been shown that chronic ingestion of maximum therapeutic doses of acetaminophen can reduce serum antioxidant capacity in a few weeks. 30 An effective antioxidant system is important for the development of brain functions, 31 and thus this mechanism might apply to the potential adverse effects on brain development found in this study. However, this has not yet been studied in relation to paracetamol exposure and foetal brain development and is therefore only speculative. Future research will need to explore potential mechanism of how paracetamol might affect foetal brain development.
A major strength of this study was the large sample size, enabling sibling-control design. This design offers important advantages over cross-sectional studies exploring the effects of exposure during pregnancy by ruling out important confounders that are stable across pregnancies, such as maternal ADHD and IQ. In addition, all systematic measurement errors relating to the mother are controlled for. Randomized controlled trials that involve the use of paracetamol are unethical in pregnant women. Because twins are always concordant in maternal medicine use during pregnancy, a sibling-controlled cohort is the most apt natural experiment for studying prenatal exposure to medication. Yet, confounding due to non-familial factors cannot be ruled out. Therefore, in the current study, indications of fever, infection and back pain, in addition to concomitant use of other medications during pregnancy, were adjusted for in the final analysis. The results were essentially unchanged. Importantly, the most common indications for long-term use of paracetamol were headache and migraine which were not identified to confound the results. Moreover, discordance in alcohol use and smoking did not explain the effect of long-term paracetamol use. The study was conducted in Norway, where paracetamol was sold in single-ingredient and not multi-ingredient preparations during the study time period, which rules out the possibility of confounding by other ingredients.
Some limitations do need to be considered. First, the relatively low participation rate in MoBa could potentially cause selection bias. The sibling-control design represents a more conservative step toward control for potential selection bias than conventional covariate adjustment because stable selection factors (e.g. socio-economic status) are completely adjusted for in the sibling-control design. However, with the lack of a randomly distributed exposure, we cannot rule out that selection factors varying between pregnancies might still confound the associations observed. Previous studies have demonstrated that non-participation in cohort studies has a small or no effect on the internal validity when reporting associations. 32 Unfortunately a similar study has not been performed for developmental outcomes, thus there remains a risk that our findings were confounded by selection bias. A second possible limitation of the study is assessment by self-report. Social desirability and the stigma attached to some of the measures, e.g. smoking during pregnancy, may result in underestimates. However, in a sub-study of the MoBa cohort, the selfreported smoking status during pregnancy had a sensitivity of 82% and specificity of 99%, in contrast to plasma cotinine concentrations, indicating that selfreported smoking is a valid measure in the MoBa cohort. 33 Third, we could not take dose into consideration because it was not reported, and we could not distinguish between continuous use for 28 days or more and long-term sporadic use across pregnancy because the number of mothers reporting continuous use was too small. In general the possibility of exploring different cutoffs in relation to use of paracetamol was limited in this study by the number of discordant siblings. Future studies should include these parameters. Finally, we cannot rule out the possibility that residual confounding such as unreported infections or illness could be causing the effects observed. More studies consistently showing effects of paracetamol exposure are needed to determine the probability of a cause effect.
In summary, paracetamol use during pregnancy was associated with adverse neurodevelopmental outcomes at 3 years of age. If replicated, these findings may suggest limiting long-term use of paracetamol during pregnancy. 
